Abstract: Coiled-coils are widespread protein-protein interaction motifs typified by the heptad repeat (abcdefg) n in which ''a'' and ''d'' positions are hydrophobic residues. Although identification of likely coiled-coil sequences is robust, prediction of strand order remains elusive. We present the X-ray
Introduction a-Helical coiled-coils are common structural motif found in diverse proteins that serve a wide range of biological functions. [1] [2] [3] [4] The structure of coiled-coil, as first proposed by Crick, 5 is formed by two or more ahelixes that twist around each other along a common supercoil axis. 1, 2, 6, 7 The hallmark feature of coiled-coil sequences is a characteristic pattern of a seven amino
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acid repeat, denoted (abcdefg) n , in which the residues at the a and d positions are largely hydrophobic. The a-d heptad repeat forms a hydrophobic stripe along the helical surface that enables the distinctive ''knobs into holes'' packing of coiled-coils in which an a or d residue from one helix (knob) packs into a space (hole) surrounded by four side chains of the neighboring helix. The most common coiled-coils are formed by two, three, or four helices; however, higher order assemblies of five, seven, and twelve strands have been reported. 4 The presence of multiple consecutive heptad repeats in a protein sequence is a good indicator of the presence of a coiled-coil, the likelihood of which can be readily assessed using a variety of coiled-coil prediction programs. [8] [9] [10] Although identification of likely coiled-coil sequences is straightforward, it remains impossible to predict the oligomerization state from sequence alone. 2, 3 Even though there are no straightforward rules regarding how assembly order is encoded by coiled-coil sequences, various analyses of residue frequency identify some sequence features that can be used to discriminate between two-stranded and three-stranded coiled-coils. 9, [11] [12] [13] Further, experimental studies of designed coiled-coil sequences have provided valuable insights regarding the influence of a and d sidechain type on coiled-coil oligomerization state in the situation in which a and d positions have a uniform composition 14, 15 and the potential of the Rh-x-x-h-E motif to serve as a determinant of trimerization. 16 The complexity of the problem of defining coiledcoil assembly order and specificity preferences is highlighted by a number of examples in which a single amino acid change at a core position is sufficient to cause a change in oligomerization state (e.g., dimer to trimer, 17 trimer to tetramer, 18 and tetramer to pentamer 19 ) or strand orientation. 20 The total number of heptad repeats may also play a factor, as differences in the peptide length of constructs having identical phenylalanine core residues are sufficient to alter the assembly state between trimer and pentamer. 19, 21 Further evidence of the potential degeneracy of the assembly state energy landscape is given by a crystallographically characterized case in which the same coiled-coil sequence has been shown to adopt two different distinct oligomerization states, dimers, and trimers. 17, 22 Given that coiled-coils are an important scaffold motif for protein design, 23 there is continued interest to unravel the factors that control the topology.
There is growing appreciation that coiled-coils play a central role in the assembly of the pore forming subunits of diverse types of ion channels. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] One of the ion channel families in which coiled-coils are crucial for channel assembly is the Kv7 (KCNQ) voltagegated potassium channel family. 27, 30, [35] [36] [37] [38] [39] Of these, Kv7.1 (KCNQ1), which forms the cardiac and auditory I Ks current, 40 has received the greatest attention due to a large number of Kv7.1 mutations that are associated with cardiac arrhythmias and deafness. [40] [41] [42] Indeed, a number of the disease mutations fall within a tetrameric coiled-coil from the Kv7.1 assembly domain called the ''A-domain tail.'' 30, 27, 43, 44 Interestingly, although structural studies have shown that A-domain tails from Kv7.1, Kv7.2, Kv7.4, and Kv7.5 are tetramers, 27, 30 an oligomeric state that matches the expected assembly state of the channel, each of these sequences contain the R-h-x-x-h-E trimerization motif [ Fig. 1(A) ]. Although the presence of this motif clearly does not prevent tetramer formation, whether it could mediate A-domain tail trimerization under some conditions and do so in a way that would be important for channel function has remained unclear. Here, we present the structure of a trimeric coiled-coil formed by a C-terminal truncation of the Kv7.1 A-domain tail. Analysis of the structure suggests that interactions made by an R-h-x-x-h-E trimerization motif are important for assembly of the trimeric state; however, these factors are over-ridden by the addition of hydrophobic core layers contributed by more C-terminal residues from the native channel sequence. This structural plasticity together with the occurrence of the Rh-x-x-h-E motif in a number of ion channel coiled-coil assembly domains raises the possibility that trimer formation via the R-h-x-x-h-E motif is an important intermediate stage in channel assembly and maturation.
Results
Determination of the X-ray structure of a trimeric form of the Kv7.1 assembly domain
The Kv7 A-domain tail contains four complete coiledcoil heptad repeats [ Fig. 1(A) ]. In the course of surveying constructs of the Kv7.1 A-domain tail to find one amenable to structural studies, we expressed four constructs of different lengths (residues 583-611, 583-614, 583-618, and 583-623) [ Fig. 1(B) ] and examined their properties as C-terminal fusions to a hexahistidine-tagged maltose binding protein (MBP) in which the MBP portion is separated from the passenger sequence by a tobacco etch mosaic virus protease site (TEV), denoted ''HMT'' fusions. 45 Although all four constructs could be expressed as soluble HMT fusions, only the shortest fragment, containing residues 583-611, denoted ''Q1-short,'' remained soluble after cleavage of the HMT tag and entered crystallization trials. Crystals of Q1-short grew in the space group C121 and diffracted X-rays to 1.7 Å resolution. Initial attempts at molecular replacement using a library of polyalanine parallel coiled-coil symmetric trimers and tetramers did not yield a solution. To obtain experimental phase information, we constructed a double mutant in which a set of consecutive a-d core leucine residues, Leu602 and Leu606, were replaced with methionine and prepared selenomethionine (SeMet) substituted protein. SeMet Q1-short (L602M/L606M) crystallized under the same conditions as native Q1-short in an isomorphic crystal form and diffracted Xrays to 2.45 Å at the peak wavelength of the selenium K absorption edge. SAD analysis yielded interpretable maps that allowed us to build and refine the Q1-short (L602M/L606M) structure to acceptable levels (R/ R free ¼22.1/26.9). The data revealed that each asymmetric unit contained one coiled-coil complex having a trimeric stoichiometry. The refined Q1-short (L602M/ L606M) structure was then used as search model to solve the structure of native Q1-short by molecular replacement. Q1-short residues 586-611 were wellresolved in the electron density of the native dataset.
Further refinement and addition of solvent molecules yielded a structure that could be refined to acceptable levels (R/R free ¼19.8/25.1) (Supporting Information Fig. 1 ). A summary of the crystallographic data and refinement statistics is found in Table I . Given that the crystal structures of the Kv7.1 and Kv7.4 A-domain Tails are parallel, tetrameric coiledcoils, 27, 30 we were surprised to find that Q1-short crystallized as a parallel, trimeric coiled-coil. This observation was particularly striking as all of the Q1-short residues are contained within the previously reported Kv7.1 A-domain Tail tetramer structure 30 (denoted here as Q1-long), which is ten residues longer than Q1-short on the C-terminal end. This extension contains two more hydrophobic core layers (Leu613 and Leu616) and an a position histidine that forms a divalent ion binding site that are absent from Q1-short (Fig. 2) . Finding the same sequence (Kv7.1 residues 585-611) in two distinct structural contexts provides a unique opportunity to evaluate how the same amino acids can be compatible with two different coiled-coil contexts. To attempt to understand the factors that might contribute to the Q1-short trimeric association state, we analyzed the Q1-short structure vis-à-vis the Q1-long tetramer and a canonical three-stranded coiled-coil GCN4-pII.
14 Analysis of Q1-short and comparison of the Kv7.1 588-611 sequence in two different oligomeric coiled-coil contexts
The overall shape of the Q1-short trimer is that of a $18 Å wide and $30 Å long cylinder in which on average each chain buries $990 Å 2 of accessible surface area (37% of total). Analysis of the coiled-coil parameters using the program TWISTER 46 (Table II) revealed a number of features that distinguish Q1-short from the canonical trimer GCN4-pII. 14 Most notably, the superhelical radius and number of residues per superhelical turn are smaller than that of the canonical GCN4-pII trimer even though the parameters for the individual helices are similar. Thus, Q1-short has an overall tighter packing of subunits. The solvent content of the Q1-short trimer crystal is $32%, a value that is substantially lower than that for the Q1-long tetramer crystal ($51%). Consequently, there are more intermolecular packing interactions along the length of the coils in the trimer (Fig. 2) . The trimers pack in the head-to-tail fashion along the coiled-coil axis and side-by-side in the plane perpendicular to the axis [ Fig. 2(A,B) ]. This side-by-side packing involves many residues at the b, c, and f positions along the entire length of the trimer. The packing in the trimer crystal also results in quite different intermolecular packing environments for each of the three chains of the trimer complex [ Fig. 2(A) ].
Similar to the coils in the Q1-Short trimer, the Q1-long tetramer is packed into the crystal lattice in a head to tail fashion along the super coil axis [ Fig. 2(C)]; however, the neighboring assemblies are packed in a more open fashion in which neighboring tetramers cross at a 120 angle. As a result, the interfaces formed by the tetramers are much smaller than those found in the Q1-short trimer crystal lattice and involve a limited number of interactions, the most prominent being a salt bridge formed between Arg-605 and Asp-611. The extensive packing interaction in the Q1-short crystal lattice may be a factor that helps to stabilize the trimer conformation, as solution studies (below) indicate that self-association of Q1-short is weak. Besides the obvious change in the number of strands between the Q1-short and Q1-long structures, Q1-long has a larger coiled-coil radius and pitch and buries more accessible surface area per strand (47%) and greater amounts of the e and g positions (Supporting Information Fig. 2 ). The Q1-short trimer is more highly twisted around the superhelical axis and has a steeper interhelical crossing angle than either the canonical GCN4-pII trimer or the Q1-long tetramer. Despite these large differences in quaternary structure, the individual helices are all very similar 
Hydrophobic core packing
The Q1-short a and d residues pack against each other in register in the classical coiled-coil ''knobs into holes'' arrangement to form a layered, hydrophobic core that runs down the center of the three-helix bundle ( Fig. 3 ). Both the a and d layers (a:Ile588, Val595, Leu602 and d:Leu592, Val599, Leu606, respectively) adopt the ''acute'' packing geometry, 15 thought to be a characteristic of trimeric coiled-coils, in which the CaACb bond of each knob makes a $60 angle with the CaACa vector at the base of the corresponding hole. The most C-terminal layer of Q1-short, formed by Ile609, deviates from this regular packing geometry and displays a breakdown of the threefold symmetry among the three strands. In contrast to the trimer context, the equivalent a and d positions in Q1-long adopt the characteristic ''perpendicular'' and ''parallel'' packing geometries found in four-stranded coiledcoils 15 [ Fig. 3(B,C) ]. In the a layers, the CaACb bond of each knob makes a $90 angle with the CaACa vector at the base of the corresponding hole. At the d level, the CaACb bond of each knob is parallel to the CaACa vector at the base of the corresponding hole. Thus, the central a and d positions of the Kv7.1 heptad repeat that spans residues 585-611 are compatible with two different coiled-coil packing geometries. The comparison of side chain rotamers in Q1-short and Q1-long are shown in Figure 3(D,E) . Overall, the side chain rotamers in Q1-long, which has two chains in the asymmetric unit, are more similar between the subunits than that those in the Q1-short structure, which has three chains in the asymmetric unit. When the hydrophobic core residues are compared between the two structures, some differences can be found. While Val599 and Leu602 have similar v 1 and v 2 angles in both structures, the rotamer geometry for Leu592 and V595 is different. Leu592 and Val595 in Q1-long take the most common rotamer position (59% and 73%, respectively) in the PDB library, 47 whereas in Q1-short they adopt the less common ones (29% and 6%, respectively). The side chain conformational change in Leu592 appears to be necessary to accommodate the tight winding of the trimer as Leu592 side chain will collide if the same rotamer is adopted as in the Q1-long structure.
Polar networks
In addition to the central core packing, Q1-short has two networks of inter-helical polar interactions that consist of sidechain salt bridges and hydrogen bonds on the surface of the trimer complex [ Fig. 4(A) ]. The more extensive network, ''Network A,'' which is found on all three interchain interfaces of the trimer, comprises Gly589, Arg591, Asn593, Glu596, and two water molecules and contains a sequence motif that has been suggested to be important for the trimerization of short (15-50 amino acid) three-strand coiled-coils, R-h-x-xh-E, in which h denotes hydrophobic residue and x can be any residue. 16 In Network A, the sidechain of Arg-591, a g position, interacts with three elements from the adjacent strand. Arg-591 makes a salt bridge with Glu596, an e position from the neighboring chain, a salt bridge with the Od1 atom of Asn593, a b position of the neighboring chain, and a water-mediated hydrogen bond to the carbonyl oxygen of Gly589, an e position.
There is also a water-mediated hydrogen bond between the Arg591 backbone carbonyl and the Oe2 sidechain oxygen of Glu596. The aliphatic portion of Arg591 also helps to shield the Leu592 layer of the hydrophobic core from the solvent. The second polar interaction network, ''Network B,'' comprises interactions between Asp603, an e position from one chain, and Arg605, a g position from the neighboring chain. In one of the three interfaces, Lys598, the g position one turn above Arg605, also forms salt bridge to Asp603.
Comparisons of the polar networks between Q1-short and Q1-long reveal large differences in how the components from Q1-short Network A are arranged [ Fig. 4(A,B) ]. In Q1-long, although Glu596 retains a bifurcated interaction to the Ne and Ng1 atoms of an arginine guanido group, they are not with the g position Arg591 but with Arg594, a c position, which makes no sidechain ionic interactions in Q1-short. Instead of being involved in a large polar network as it is in Q1-short, Arg591 of Q1-long makes a single interaction with Asn593 from the adjacent chain. Network B components, Asp603 and Arg605 interact in both Q1-short and Q1-long, but the geometry of the interaction is not identical. The changes in Network A are consistent with the large differences in the crossing angles of the helices. A recent survey of coiled-coil structures found that the R-h-x-x-h-E motif forms a conserved structural element in 86% of short parallel, coiled-coil trimers. 16 Comparison of the Q1-short R-h-x-x-h-E motif to the one found in the trimeric coiled-coil of the actin associated protein coronin 1, ccCor1, 16 which differs in sequence by an exchange of an asparagine for an aspartate at the third position [ Fig. 4(C) ], reveals a striking structural similarity that not only encompasses the sidechain positions, but also includes the position of the water molecule that bridges the carbonyl oxygen of Arg594 and the sidechain carboxylate of Glu596 (average RMSD Ca $0.11 Å, RMSD all atoms $0.91 Å between Q1-short and ccCor1 for this motif). At the time of the survey by Kammerer et al, none of the available structures of tetrameric coiledcoils contained the R-h-x-x-h-E motif. Since then, two structures of parallel, tetrameric coiled-coils that bear the R-h-x-x-h-E motif have been determined, the Adomain Tails from Kv7.4 27 and Kv7.1. 30 Comparison of the R-h-x-x-h-E architecture in Q1-short with the identical residues in Q1-long shows that even though the Network A residues folds into a canonical type of interaction in the trimer, this structural network is absent in Q1-long [ Fig. 4(A,B) ]. In the tetramer, the interaction between Arg591 and Asn593 is maintained, but all electrostatic interactions with Glu596 are lost. Instead, Glu596 interacts with Arg594. Arg594 is at the c position of the heptad. The c-e side chain interaction between Arg594 and Glu596 is more readily formed in the tetramer than in the trimer due to the shorter distance between the Ca positions. Several mutations of these residues, including G589D, R591H, and R594Q, which are related to the cardiac long-QT syndrome, have been previously tested in the tetramer constructs. 27, 30 Size exclusion chromatograms show that these mutations do not disrupt tetramer formation and indicate that the interactions made by Arg591 and Arg594 are not crucial determinants of tetramer formation. 27 Solution studies of Kv7.
coiled-coils and the importance of the R-h-x-x-h-E motif for trimer formation
To assess the effects of construct length and the R-hx-x-h-E motif on oligomerization state we examined the size exclusion chromatography behavior of HMTfusions of Kv7.1 583-623, 583-618, 583-614, and 583-611. The HMT fusions were used because the untagged peptides have very low UV absorption due to absence of aromatics and because the free peptides, with the exception of Q1-short, were not sufficiently soluble following cleavage from the fusion. When loaded onto the column at a concentration of 50 lM, Some monomer is present in the 583-614 construct and indicates a loss of stability of the oligomeric complex. In contrast, the Q1-short construct (583-611), which is the shortest of the four, shows a single peak consistent with a monomeric species. Together, the reduction in oligomeric species as truncations are introduced from 618 onwards, indicates that the stability of the complex is compromised as progressive interactions from the C-terminal end are lost. Examination of the concentration dependence of the oligomerization properties of Q1-short [ Fig. 5(B) ] shows that it is possible for Q1-short to self-associate in solution. At concentrations >50 lM, a second peak that is consistent with the molecular weight expected for trimer is observed. Concomitant with the self-association, circular dichroism studies [ Fig. 5(C) ] show that the purified Q1-short peptide gains helical character as a function of concentration. Further, the data suggest that there should be a significant population of helical trimers in solution at the concentrations of Q1-short used in our crystallization experiments ($1 mM) and provide an explanation for how we were able to obtain crystals of this form.
Previous studies of the arginine of the R-h-x-x-h-E motif have suggested a central role in trimer stabilization. 16 Even though the polar interaction network that includes Arg591 and Arg594 are not important for tetramer formation, 27 we wondered whether the intimate involvement of Arg591 in the R-h-x-x-h-E motif portion of the Q1-short Network A electrostatic interaction might contribute to trimer stability. To test the importance of Arg591 in trimerization, we examined the behavior of a cardiac arrhythmia mutant, R591H, 48 that has no effect on tetramer formation 27 but that should eliminate the key interactions formed by the R-h-x-x-h-E network in the trimer. Examination of the size exclusion chromatography behavior of the R591H mutant at concentrations where Q1-short makes detectable amounts of oligomers shows that the loss of the specific interactions contributed by the arginine sidechain has a negative effect on assembly [ Fig. 5(D) ]. Thus, although the interactions made by Arg591 are not important for tetramer formation, they are critical for trimer formation. These data support the idea that the canonical structure formed by the R-h-x-x-h-E motif [ Fig. 4(C) ] is important in the context of the trimeric assembly and indicate that there is an interplay between oligomeric determinants in the N-terminal end of the Kv7.1 A-domain coiled-coil and those contributed by the C-terminal end.
Discussion
Coiled-coil motifs are found in diverse proteins and often play key roles in determining the stoichiometry and specificity of complex formation. [1] [2] [3] [4] The versatility of the coiled-coil architecture is underscored by the fact that the basic (abcdefg) n coiled-coil heptad repeat pattern can specify a helical element that can assemble into higher order structures of varied order. 1, 2, 4, 6, 7 Although identification of coiled-coil sequences is robust, [8] [9] [10] prediction of coiled-coil stoichiometry from the protein sequence remains exceptionally challenging. 2, 3 As such, there is a strong interest in developing an understanding of the factors that specify coiled-coil assembly states and direct assembly preferences. Here, by studying a truncated form of tetrameric coiled-coil from the voltage-gated potassium channel Kv7.1 (KCNQ1), 30 Q1-long, we obtained a construct, Q1-short, that assembles as a three-stranded coiledcoil. Determination of the Q1-short high resolution structure revealed a strikingly canonical three-dimensional architecture of an interchain electrostatic network composed of the R-h-x-x-h-E motif, a motif that has been proposed to be a key determinant of trimeric coiled coil formation. 16 Remarkably, this structural motif in Q1-short shows conservation that encompasses the positions of three sidechains on the exterior of the helical bundle and a well-ordered water molecule [ Fig. 4(C) ] that is thought to play a key role in stabilization of this architecture. 49 Kammerer et al. proposed that the sequence motif R-h-x-x-h-E is a universal determinant for trimeric coiled-coils and that interactions made by this motif could dominate the effects of the hydrophobic core regions of short coiled-coils. 16 Consistent with this observation, we find that the R-h-x-x-h-E motif is crucial for the trimeric assembly of Q1-short [ Fig. 5(D) ], even though the association of the trimer is weak and requires millimolar concentrations of peptide [ Fig.  5(C,D) ]. Contrary to the proposed dominance of the R-h-x-x-h-E motif as a coiled-coil trimerization element, a recent survey of coiled-coil structures shows that of 34 available structures, the R-h-x-x-h-E motif is equally prevalent in dimers and trimers structures and also found in two tetramers. 4 We observe that the inclusion of heptad repeat elements C-terminal to the Q1-short R-h-x-x-h-E motif leads to the formation of tetramers, not trimers, indicating that the energetic contributions made by interactions formed by the R-hx-x-h-E motif can be readily over-ridden by elements from the hydrophobic core. Additionally, the ability of the R-h-x-x-h-E motif to drive trimerization cannot solely be a consequence of the length of the sequence because a coiled-coil construct from the Kv7.4 (KCNQ4) A-domain tail (residues 610-640), which is of similar length to the Q1-short trimer and that also contains the R-h-x-x-h-E motif [ Fig. 1(A) ], forms tetramers that are far more stable than the Q1-short trimer. 27 Therefore, although the R-h-x-x-h-E motif can support trimer formation, the mere presence of an R-h-x-x-h-E motif it is not likely to be a strong determinant of oligomerization state. Nevertheless, the formation of such interactions could contribute to the initial self-association process in coiled-coils bearing this motif and could be facilitated in the case of ion channel subunits where other factors, such as the restraint arising from the association of the polypeptide with a membrane, help to increase the local effective concentration of the assembling polypeptides. It was surprising that the Q1-short structure formed a trimer, given that this stoichiometry is incompatible with that of the parent Kv7.1 voltage-gated potassium channel tetramer. 35 Besides this example of oligomerization order mismatch between a coiled-coil assembly domain and the full-length channel complex, the recent report of a trimeric structure of a five heptad coiled-coil from the small conductance calciumactivated potassium channel (SK Ca ), determined by crystallography also revealed an assembly state that was contrary to the expected oligomeric order of the parent channel. 50 The SK Ca coiled-coil bears two R-h-
x-x-h-E motifs that make interstrand electrostatic networks that are similar but not identical to the canonical structure found in Q1-short and ccCor1 (Supporting Information Fig. 3 ) and that could contribute to trimer formation. In the case of designed coiled-coil sequences, it is not uncommon to observe a complex having unexpected stoichiometry. 17, 19, 20 Such results have provided experimental support for the idea that the energetic landscape that defines coiled-coil assembly order for certain sequences is somewhat degenerate. The ability of the naturally occurring Kv7.1 and SK Ca coiled-coil sequences to make apparently non-native oligomeric states that are stable enough to crystallize raises the question about whether such oligomers represent assembly states that are physically possible but physiologically irrelevant in the context of the complete channel sequence or whether the ability of these elements to form trimers might have relevance for intermediate stages in channel assembly and maturation. In the Kv7.1 A-domain tail, inclusion of C-terminal segments that contribute additional heptad repeat interactions to the coiled-coiled core is sufficient to convert the assembly state from the weakly associated trimer seen in Q1-short to a stably associated native tetramer (Fig. 5 ). These results demonstrate that additional native interactions can override any stabilization afforded by the R-h-x-x-h-E network and are consistent with the view that surface salt bridge networks, which may be important for assembly specificity, do not contribute strongly to coiled-coil stability. 1, [51] [52] [53] In accord with the idea of a modest influence of the R-hx-x-h-E motif on trimer stability, biochemical studies indicate that the SK Ca coiled-coil assembles both trimers and tetramers in solution. 50 The crystallographic observation of two apparently non-native assembly states in coiled-coils from ion channel assembly domains, Q1-short and SK Ca , raises the possibility that rather than being just a curious biochemical phenomenon resulting from the study of assembly domains that lack interactions present in the native context, the trimeric form may represent an intermediate state that could be important for the assembly of the final native complex. Both the biochemical evidence that shows that the SK Ca forms tetramers as well as trimers 50 and the observation that the Q1-short trimer is far less stable than the tetramers that form as additional layers of the coiled-coil core are added are compatible with this hypothesis. Even though the association affinity is low, the confinement of the polypeptide to the membrane may be sufficient to raise the local effective concentration enough such that a weakly associated trimer in the A-domain tail is a viable assembly intermediate. It is certain that other channel elements will make intersubunit interactions in the final oligomeric structure. Such additional interactions are likely to be sufficient to influence the oligomeric state of coiled-coil assembly domains that are assembled into oligomers having marginal stability. In this regard, there may be an advantage to have a sequence element that encodes a significant but weak trimerization motif such as the R-h-x-x-h-E motif. Notably, this motif is present in a number of coiledcoils from the TRPM family 29 and TRPP family (Supporting Information Fig. 4) . Thus, even though its contribution to trimer stability may be weak, there may be a general role for R-h-x-x-h-E motif in facilitating the assembly, but not the end state oligomerization order of ion channel coiled-coils. This idea is consistent with the observation that disruption of the Kv7.1 R-h-x-x-h-E motif by a disease causing mutation, R591H, affects Kv7.1 channel trafficking and functional expression 54, 55 but not the ability of the purified Kv7.1 A-domain tail to form tetramers. 27 Our studies of the Q1-short trimer, together with prior investigation of Kv7 A-domain tails, 27, 30 demonstrate that the Kv7.1 A-domain tail has the capacity to fold in two different ways, a weakly associated trimer in which key interactions are mediated by an electrostatic network formed by the R-h-x-x-h-E motif and as a well-folded, tightly associated tetramer. Designed sequences that have the capacity to fold into two different structures are well known. [56] [57] [58] [59] [60] In particular, the shape-shifting ability of designed coiled-coils [57] [58] [59] [60] including those having R-h-x-x-h-E motifs underscores the potential for the coiled-coil architecture to adopt multiple folds. The observation that a natural coiledcoil sequence has the capacity to associate as a trimer in which the R-h-x-x-h-E motif has an important role, and a tetramer in which the electrostatic network formed by the R-h-x-x-h-E motif is lost, together with the occurrence of the R-h-x-x-h-E in the coiled-coil assembly domains of a number of different channels that are thought to function as tetramers suggests that there may be a general function for such sequence features in facilitating the assembly of intermediates en route to the final native state.
Materials and Methods

Cloning, expression, and purification
Fragments of human Kv7.1 carboxy terminal domain (residues 583-611, 583-614, 583-618, and 583-623) were subcloned into the NarI/HindIII sites of a pET27 derived vector (pSV272) that contains in sequence a hexahistidine tag, maltose binding protein (MBP), and a tobacco etch virus (TEV) protease site before the gene of interest, 27 denoted ''HMT.'' Kv7.1 point mutants were obtained using QuikChange protocol (Stratagene). HMT-Kv7.1 fusions were expressed in Escherichia coli BL21(DE3)pLysS grown in 2YT media at 37 C.
Cells were lysed by sonication in a buffer containing, 200 mM KCl, 10% sucrose, 1 mM MgCl 2 , 1 mM PMSF, 20 lg mL À1 lysozyme, 25 lg mL À1 DNaseI, 100 mM Tris, pH8.8, and then centrifuged at 25,000g for 30 min to remove insoluble material. The soluble fraction, which contained the HMT-channel fragment fusion, was loaded on a nickel-charged Poros20MC (Applied Biosystem) column equilibrated in buffer A (250 mM KCl, 10mM K-phosphate, pH 7.3). The loaded column was washed with three column volumes of buffer A followed by three column volumes of buffer A plus 30 mM imidazole to remove unbound or weakly bound contaminants. Bound HMT fusion proteins were eluted using a linear gradient to 300 mM imidazole over six column volumes. HMT-fusion samples were concentrated using an Amicon Ultra-15 concentrator (30 kDa cutoff )(Millipore) in conjunction with multiple rounds of dilution with buffer A to get rid of imidazole. Concentrated HMT-fusions were applied to an Amylose column (New England Biolabs) and washed with two column volumes of buffer A. Bound protein was eluted in Buffer A plus 10 mM maltose. The purified protein was digested with Histidine tagged TEV protease 61 overnight at room temperature in the elution buffer from the Amylose column step and run over Poros20MC column again. Kv7.1 coiled-coil domains were collected from the flow through, concentrated using an Amicon concentrator (Millipore) (3 kDa cutoff), and further purified on a Superdex-75 (GE Healthcare) size exclusion column using a running buffer of 250 mM KCl, 1 mM EDTA, 10 mM HEPES, pH7.4. For crystallization trials, the purified samples were concentrated to $3 mg/mL using Millipore Centricon concentrator with 3000 Da cutoff. For HMT tagged protein, the protein concentration was obtained by measuring the absorption at 280 nm. 62 Because of the lack of aromatic residues and the resultant weak absorption at 280 nm in the purified Kv7.1 coiledcoils, peptide concentration was measured either by using the BCA protein assay kit (Pierce) (for crystallization trials) or by absorption at 205 nm 63 (for the CD experiments). SeMet labeled protein was expressed using auto-induction media PASM-5052 64 for 24 h.
Purification follows the same protocol as for the native protein with 10 mM b-mercaptoethanol added to all buffers used except those for the nickel column.
Crystallization and data collection
Crystals of the Kv7.1 coiled-coil comprising residues 583-611 were grown using hanging drop vapor diffusion method by mixing equal volumes (1 lL each) of purified protein ($3 mg mL À1) and reservoir solution of 1.6 M sodium citrate, pH 6.5. Crystals grew within 1-2 days at room temperature, were harvested from the drop, and frozen directly in liquid nitrogen. X-ray diffraction data ware collected at Advanced Light Source beamline 8.3.1 (Lawrence Berkeley National Laboratory, Berkeley, CA) equipped with a Quantum 210 CCD detector and were processed using HKL2000 (HKL Research). 65 To get the phase information, a double mutant construct with two leucines (Leu-602 and Leu-606) replaced by methionine was made. Selenomethionyl (SeMet) protein from this mutant was purified and crystallized in the same condition as wildtype. A single-wavelength anomalous diffraction dataset was collected at peak wavelength of the selenium K absorption edge. The diffraction datasets for both native and mutant SeMet crystals were processed in the C121 space group using the HKL2000 package.
Structure determination
For the Q1-short (L602M/L606M) SeMet dataset, the program SOLVE 66 was used to locate selenium positions in the SAD dataset. All six selenium atoms were
Xu and Minor
found for the trimer. After density modification the figure of merit was 0.64. Initial model was first built using the program RESOLVE 66 and then rebuilt with Arp/Warp 67 followed by several cycles of manual rebuilding in COOT 68 and automatic refinement using REFMAC. 69 The model obtained for the SeMet crystal was used as search model for molecular replacement solution in native dataset using the program PHASER. 70 After a molecular replacement solution was obtained, the model was rebuilt with Arp/Warp and followed by several rounds of manual and automatic refinement. The quality of the model was monitored with PROCHECK. 71 No residue is found in the disallowed region of the Ramachandran plot. Data collection and refinement data is summarized in Table I . The figures were prepared with PyMOL. 72 The composite omit map was calculated using CNS. 73 
Size exclusion chromatography
For size exclusion experiments using purified HMTtagged constructs, 100 lL of concentrated protein sample was passed through a Superdex200 10/300 GL column (GE Healthcare) in a running buffer that contained 250 mM KCl, 10 mM sodium phosphate, pH 7.3. at 0.5 mL min À1. Absorbance was monitored at 280 nm. The column had been calibrated using at least four standard protein molecular mass markers. Elution volumes from 3 runs were averaged.
CD spectroscopy
Circular dichroism measurements were carried out using an Aviv model 215 spectrometer (Aviv Biomedical). The wavelength scans from 320 nm to 190 nm were carried out at 4 C with a cuvette of 1 mm path length. The signal was converted to molar ellipticity units 27 and helical fraction was estimated using the signal at 222 nm, , i is the number of helices, j is a wavelength specific constant (2.57 at 222 nm), and N is the number of residues in the peptide. 74 
Coordinates
Coordinates and structure factors have been deposited in the Protein Data Bank with accession numbers: 3HFE (Kv7.1 585-611) and 3HFC (L602M/L606M).
